The time of exposure to HS required to inhibit INa was Ͻ2.5 min. Under near thin-film conditions, apical exposure to HS inhibited INa, but as osmotically driven water moved to the apical surface, the aqueous apical volume increased, leading to an amiloride-insensitive decrease in its osmolality and to recovery of INa that lagged behind the osmotic recovery. Amiloride significantly accelerated the recovery of INa following exposure to HS. Our conclusions are that exposure to HS inhibits hBE INa and that amiloride diminishes this effect. hyperosmotic saline; cystic fibrosis; Na ϩ transport; amiloride; human bronchial epithelial cells
hyperosmotic saline; cystic fibrosis; Na ϩ transport; amiloride; human bronchial epithelial cells THE IMPORTANCE OF FLUID and electrolyte transport in the maintenance of healthy airways is well established (5, 9) . Adequate hydration of the airway surface layer (ASL) volume and mucus is essential for optimal mucociliary clearance (MCC) (31) . Water fluxes are dictated primarily by net electrolyte transport, and in the airways, Na
Ϫ , and HCO 3 Ϫ are the principal transported electrolytes. Elevated Na ϩ absorption and inadequate anion secretion of patients with cystic fibrosis (CF) led to a reduced ASL and thereby impaired MCC. Several clinical trials have shown a therapeutic benefit from maneuvers designed to increase ASL in patients with CF. These maneuvers consist of using either hyperosmotic saline (HS; 8, 11) or hyperosmotic mannitol (7, 18, 28, 32) aerosols and found profound improvement in several measures of lung function including forced expiratory volume in 1 s, MCC, frequency of exacerbations, days on antibiotics, and well-being. Because the benefit of HS was expected to be short-lived, one trial included a group of patients pretreated with amiloride (8) , a blocker of the epithelial Na ϩ channel (ENaC). Amiloride was expected to block the absorption of Na ϩ and thereby prolong the duration of action of the HS. Surprisingly, amiloride had a negative impact on the benefit of HS. Donaldson et al. (8) suggested that amiloride blocks plasmalemmal water permeability, but this hypothesis remains controversial (21) . HS aerosol treatment has quickly become a first-line therapy for CF patients (14, 40) . However, several important observations remain to be explained about this therapy, including the apparent long duration of its beneficial effects and the paradoxical effect of amiloride.
The purpose of this work was to study the effect of apical HS exposure on amiloride-sensitive sodium transport (I Na ) in primary cultures of human bronchial epithelial (hBE) cells from CF donors. The results demonstrate that HS produces a prolonged inhibition in I Na. Furthermore, the continuous presence of amiloride does not affect osmotic water fluxes in hBE cells but accelerates the recovery of I Na following a HS exposure. These results should help in explaining and developing aerosol therapies for treating patients with pathologies resulting from dehydration of the airways such as CF and exercise-induced asthma. 1 
MATERIALS AND METHODS

Cell Culture
hBE cells were obtained under Institutional Review Board-approved protocols at the Universities of Pittsburgh and North Carolina. In brief, the CF-hBE cells were obtained from lungs explanted during transplantation. Cells were dissociated by enzymatic digestion, expanded in growth media, seeded as p3 cultures onto 6.5-mm PET Transwell inserts in a differentiation media (27) under air-liquid interface conditions, and studied when polarized (3-5 wk) . Criteria for acceptance of the inserts was threefold: 1) appearance of a homogenous monolayer of cells without holes, 2) absence of liquid at the apical surface, and 3) a transepithelial resistance Ͼ200 ⍀·cm 2 .
Short-Circuit Current Studies
CF-hBE cells grown on the Transwell inserts were mounted in either conventional Costar Ussing chambers or continuously perfused Ussing chambers (see below). The short-circuit currents (ISC) were measured under symmetrical isosmotic conditions at both sides of the epithelium or when the apical side was replaced with HS buffer. The transepithelial net Na ϩ flux via the apical ENaC (INa) was defined as the amiloride-sensitive ISC. This was determined by adding 10 M amiloride to the apical side.
Transepithelial Impedance Analysis
To determine the changes in membrane surface area in response to changes in extracellular osmolality, the total transepithelial capacitance (CT) was measured. This was accomplished by transepithelial impedance analysis as previously described (6, 35) . This technique also allowed measurement of ISC and transepithelial resistance (RT).
Exposure to HS
The following three experimental approaches were used to determine the effect of HS on INa (Fig. 1) .
Ussing chamber. The Transwell inserts were directly mounted in the conventional Costar Ussing chamber under isosmotic conditions at both sides of the epithelium. The apical and basolateral chamber volumes were 5 and 3.5 ml, respectively. Removal of added amiloride or replacement of the apical solution was achieved by replacing this solution with 12 volumes of the desired solution.
Continuously perfused ussing chamber. This setup permitted continuous replacement of the apical and basolateral volumes (2 ml) every minute. This setup allowed fast intermittent pulses of amiloride under isosmotic or hyperosmotic conditions and thereby allowed measurement of the time-dependent changes in I Na.
Near "thin-film" conditions. To test whether the results obtained with the Ussing chamber could be reproduced under conditions closer to a "thin-film" type experiment of the type pioneered by the University of North Carolina group (24, (37) (38) (39) , near "thin-film" experiments were performed. The strategy consisted of adding 30 l of either isosmotic or hyperosmotic buffers to the apical surface of the Transwell inserts while they remained in the incubation plates and measuring I Na (see below). The 30 l volume was selected because it allowed reliable sampling of aliquots (7 l) to measure changes in apical osmolality at various incubation times. Subsequently, the time courses of changes in osmolality of the apical fluid and of I Na were monitored. At the various incubation times, 7 l aliquots of the apical solution were taken to quantify their osmolality by vapor pressure osmometry (Wescor, Logan, UT). It should be noted that although this aliquot volume was not replaced, net water flow from the basolateral reservoir (containing 700 l of fluid) continued to move to the apical side until the osmolalities of both reservoirs (apical and basolateral) were equal (see RESULTS). The effect of apical HS on INa was measured by mounting the Transwell inserts in the Ussing chamber under isosmotic apical and basolateral solutions (see Fig. 1 ).
Buffer Solutions
Solutions contained (in mM) 120 NaCl, 1 glucose, 1.2 CaCl2, 1.2 MgCl2, 5 HEPES, and 4.2 KCl, The pH of all solutions was 7.3 at 36.5°C. pH was adjusted with Tris(hydroxymethyl)aminomethane hydrochloride (Tris·HCl). The osmolality of the isosmotic solution was 310 Ϯ 10 mosmol/kgH 2O and was adjusted with an appropriate mix of tris base [Tris(hydroxymethyl)aminomethane/Tris·HCl] to maintain the pH. The HS (660 Ϯ 10 mosmol/kgH2O) was attained by adding additional NaCl to the isosmotic buffer.
Statistics
Each Transwell insert was considered an independent measurement. For comparison of two groups, Student's t-analysis was used; multiple-comparison procedures (Ͻ4 groups) were performed using the Bonferroni test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Effect of Apical Na
ϩ Hyperosmolarity on Transepithelial Short-Circuit Current, Conductance, and Capacitance in CF-hBE Cells
The effect of apical HS on transepithelial amiloride-sensitive I SC , G T , and C T was studied in CF-hBE cells using transepithelial impedance analysis. Figure 2 illustrates typical results Fig. 1 . Diagram depicting the three experimental setups used to measure the effect of hypertonic saline (HS) on cystic fibrosishuman bronchial epithelial (CF-hBE) cells grown at an air-liquid interface on Transwell (top) inserts. Left: the conventional Ussing chamber. Center: the close to "thin-layer" setup. It consisted of the deposit of a small volume (30 l) of either isosmotic or hyperosmotic solution as the inserts were kept in their incubation tray. Subsequently, the inserts were mounted on an Ussing chamber to measure sodium transport (INa) under isosmotic conditions. Right: the continuous perfusion Ussing chamber that allowed continuous and rapid (Ͻ1 min) replacement of the bathing solutions.
from CF-hBE cells (n ϭ 6 -18): transepithelial I SC (top), G T , (middle), and C T (bottom). Under isosmotic conditions, the average values of I SC , G T , and C T were 85.9 Ϯ 7.9 A/cm 2 , 2.8 Ϯ 0.4 mS/cm 2 , and 3.4 Ϯ 1.6 F/cm 2 , respectively (n ϭ 18). Figure 2 shows that, under normal isosmotic conditions, addition of 10 M amiloride at the apical surface produced an almost complete (89 Ϯ 8.8%; n ϭ 12) inhibition in I SC . As expected, the reduction in I SC was accompanied by a decrease in G T (32 Ϯ 7%; n ϭ 12), indicating inhibition of an ionic conductive pathway (i.e., epithelial Na ϩ channels, ENaC). In some cells the addition of amiloride also produced a small reduction in C T , but the average change in C T of all experiments was not statistically significant (4.7 Ϯ 4%; n ϭ 12). Thereafter, amiloride was then removed by exchange of the mucosal bath with 12 volumes of control (isosmotic) buffer and the I SC was allowed to return to baseline. Interestingly, removal of amiloride produced an overshoot in I SC and G T , which appeared to be a function of the time of exposure to the ENaC blocker.
2 Subsequently, in 6 inserts, mucosal bath was then exchanged with 12 volumes of the HS (660 mosmol/kgH 2 O). This manipulation was followed by a rapid transient increase in I SC (30 Ϯ 14 A/cm 2 ) followed by a sustained decrease in I SC (91 Ϯ 13%), G T (30 Ϯ 3%), and C T (87 Ϯ 23%). The initial brief increase in I SC may be due to an immediate and transitory rush of Na ϩ into the cell driven by its sudden increase in electrochemical gradient. The subsequent decrease in I SC , G T and C T following exposure to HS reached steady values below the control baselines. Amiloride was then added to obtain a second measure of ENaC-mediated Na ϩ flux. Under this condition, the amiloride-sensitive I SC was 95.4 Ϯ 1.1% smaller as compared with the one observed under isosmotic conditions. Clearly, apical HS significantly inhibited Na ϩ transport in CFhBE cells accompanied by the expected reduction in G T and a reduction in C T , which could be explained by cell shrinkage and/or endocytosis.
The Hyperosmotic-Induced Inhibition in Na ϩ Transport Is Protracted
The reduced response to amiloride demonstrates that exposure to HS leads to pronounced inhibition in I Na . The next step consisted of studying the reversibility of this inhibition. The protocol consisted of first measuring the amiloride-sensitive I SC under isosmotic conditions (⌬I Na Iso1) and then exchanging the mucosal bath with HS (660 mosmol/kgH 2 O) and monitoring the I SC for 20 -40 min until a steady I SC reading was attained. Amiloride was then added for a second time to get I Na under hyperosmotic conditions (⌬Hyper). The mucosal bath was then exchanged back to the isosmotic buffer and the I SC was monitored for an additional 20 -120 min. Amiloride was then added for a third time to determine the amiloridesensitive I SC recovery (⌬I Na Iso2). The %I Na recovery was calculated using the following equation:
(1) Figure 3A shows a representative experiment following the above protocol. Exposure to HS produced an 87% inhibition in I Na . In this instance the CF-hBE cells were allowed to recover for 50 min following the HS exposure and the I Na recovery was 69%. Control cells continuously exposed to isotonic solutions for the same length of time maintained 90 Ϯ 8% of the I Na . Figure 3B shows the summary of 12 experiments in which the %I Na recovery following the exposure to HS was measured following various recovery times. The results show that, ensuing inhibition of Na ϩ transport, it takes about an hour of recovery time for I SC to regain values comparable to those originally measured under isosmotic conditions. These results suggest that the inhibition in I Na extends beyond the period of exposure to a hypertonic solution and suggest that the benefits from HS extend beyond the initial period of exposure and perhaps help explain the remarkable positive outcome of the clinical trials (7, 18, 28, 32) and the successful clinical use of HS for CF patients (14, 40) .
The Onset of HS-Induced Inhibition of I Na Is Rapid
To establish how long cells must be exposed to HS to initiate the inhibition in I Na , the continuous perfusion Ussing chamber setup was used. Figure 4A shows a representative example of an I SC trace from a series of six CF-hBE inserts in response to repetitive (every 3 min) exposure to amiloride under isosmotic and HS (660 mosmol/kgH 2 O) conditions. The figure shows that, under isosmotic conditions (300 mosmol/kgH 2 O), repetitive application of amiloride (downward facing arrows) produced reductions in I SC of similar magnitude. Once a steady I SC was established, exposure to 660 mosmol/kgH 2 O HS for 15 min inhibited I Na by 85 Ϯ 9.6%. The figure also shows that, as expected, the inhibition in I Na outlived the actual time of exposure to the HS when the isosmotic conditions were reinstated. In this instance the recovery in I SC after 30 min of reexposure to the isosmotic solution only produced a recovery of 30%. To further study how long the HS exposure should be to produce the inhibition in I SC , similar experiments were performed, but in this instance the exposure to the HS was for 2 min. Figure 4B shows a representative example from a series After 17 min of exposure to the isosmotic solution (300 mosmol/ kgH2O), 10 M amiloride was added to the apical bath. At 27 min of incubation, amiloride was removed. At 37 min of incubation, the apical solution was replaced by the HS solution (660 mosmol/kgH2O). Once a steady value of ISC was attained (i.e., at 56 min of incubation), amiloride was added at the apical side for a second time. At 63 min of incubation, amiloride was removed. When a steady value of ISC was measured (i.e., at 75 min), the apical solution was replaced by the isosmotic solution. This manipulation produced a transient decrease in ISC attributed to a reduction in the driving force for Na ϩ entry into the cell. After an allowance of 55 min of recovery (i.e., at 130 min of incubation), amiloride was added for a third and final time. The recovery of INa following reexposure to the isosmotic solution was calculated using Eq. 1. B: summary of 16 experiments (n ϭ 4 at each recovery time measured) in which the %INa recovery following exposure to HS (660 mosmol/kgH2O) was measured at various recovery times.
of four inserts showing that exposure to 660 mosmol/kgH 2 O HS for only 2 min inhibited I Na by 60 Ϯ 7% and that the inhibition in I Na outlived the actual time of exposure to HS when the isosmotic conditions were reinstated.
Effect of HS on I Na Under Near "Thin-Film" Conditions
To test whether the HS-induced reduction in I Na could be reproduced under conditions closer to physiological conditions, near "thin-film" (24, 37-39) experiments were performed. To minimize the volume of the buffer at which the apical side of the epithelium was exposed, 30 l of either isosmotic or hypertonic buffers were added to the apical side of the Transwell inserts while they remained in the incubation plates. Subsequently, the time courses of the changes in osmolality of the hypertonic apical solution and of the changes in I Na were determined. Figure 5 shows that in CF-hBE cells, addition of the isosmotic apical buffer (closed circles, n ϭ 6) produced a time-dependent increase in I Na in relation to the initial I Na measured after 30 min of incubation (normalized to 100%). The rate of this increase in I SC was 16% per hour. Since all of the Transwell inserts were treated with the same care for washing and mounting on the Ussing chambers at the various incubation times, this increase in I SC was unlikely to be due to mechanical stimulation of I Na . On the other hand, increases in I Na have been reported in cultured hBE cells in response to dilution of the native ASL with 20 l of isosmotic Ringer (39) . This effect has been attributed to dilution of apical soluble serine protease inhibitors (CAP inhibitors), which would otherwise inhibit membrane-tethered serine proteases (CAP1) that activate ENaC (25, 26) . Figure 5 also shows that exposure to HS (open circles, 660 mosmol/kgH 2 O) produced an 80 Ϯ 3% inhibition in I Na at 30 min of incubation compared with when the inserts were exposed to the isosmotic solution. The 80% inhibition in I Na under these "thin-film" conditions is similar to the 91 Ϯ 13% inhibition observed in the Ussing chamber studies (Fig. 2) and the 85 Ϯ 9.6% inhibition in the continuous perfusion studies (Fig. 4A) . Under the continuous presence of apical HS, the I Na recovered with time with a slope of 28.6% per hour. This rate is 1.8 times faster than the increase in I Na observed under isosmotic conditions but slower than the recovery observed in the Ussing chamber experiments upon reexposure to isosmotic conditions, where it reached 73 Ϯ 7.5% in 1 h (Fig. 3B) . After 4 h of incubation, the I Na values under HS conditions reached similar I Na values as those measured under isosmotic conditions at 30 min of incubation. Concomitant with the recovery of I Na there was an increase in buffer volume at the apical surface. Although this increase in buffer volume was not directly measured, it was observed visually and was quantified indirectly by a reduction in the osmolality of the apical buffer (see below). The recuperation of I SC observed following exposure to HS is explained by two factors: 1) dilution in the apical osmolality as osmotically driven water moves from the epithelium and/or serosal side to the apical side and dilutes the hypertonic buffer (see below), and 2) recovery of Na ϩ transport following exposure to the HS. At the indicated times, the osmolality of aliquots of the apical volume was measured. The graph shows that under isosmotic conditions the osmolality did not change for up to 4 h. The presence of amiloride had no effect on the osmolality (data not shown for clarity). In contrast, under HS conditions, there was decay in the apical solution osmolality, reaching the isosmotic values after 4 h of incubation. The presence of amiloride had no effect on this recovery. As explained above, this reduction in osmolality was due to dilution of the apical buffer as osmotically driven water moved from the basolateral side and the cytoplasm to the apical side. Since the original HS osmolality of the apical buffer was 660 mosmol/kgH 2 O, a reduction in osmolality to 360 mosmol/kgH 2 O at 4 h of incubation (Fig.  6A) indicates that there was a 1.83-fold dilution of the apical buffer resulting from an osmotically driven net flow of 240 l of H 2 O from the basolateral solution, bringing the apical solution to a final volume of 540 l. The fact that amiloride produced no effect on the apical osmolality under isosmotic and HS conditions argues against the proposal that amiloride inhibits water channels (8) . Figure 6B shows a comparison of the time courses of recovery of the apical osmolality (closed circles) and of I Na (open circles) from a group of six CF-hBE filters. The figure shows that the recovery in the amiloride-sensitive I SC followed a similar time course as the recovery in apical osmolality but that it was smaller in magnitude. The I Na recovery lagged behind the osmolality recovery by 12, 22, 18, and 20% at 0.5, 2, 3, and 4 h of incubation, respectively. The fact that the recovery of I Na consistently lagged behind the recovery of apical osmolality indicates again that Na ϩ transport inhibition by exposure to HS is protracted.
Lag in Recovery of I SC Compared With Apical Osmolality Following Exposure to Hyperosmolality Under Near "Thin-Film" Conditions
Amiloride Partially Blunts the Na ϩ Transport Inhibitory Response to the HS
On the basis of these observations we reasoned that the paradoxical effect of amiloride on HS inhalation in CF patients may be due to a protective effect of amiloride on the HSinduced inhibition of Na ϩ transport. To test his hypothesis, the effect on the rate of recovery of I Na following exposure to HS (660 mosmol/kgH 2 O) under near "thin-film" conditions was compared in the presence or absence of amiloride in CF-hBE cells (n ϭ 6). The protocol consisted of exposing the apical surface of the inserts to 30 l of either isosmotic or HS in the absence or presence of 10 M amiloride and comparing the I Na at various incubation times. Figure 7 depicts a comparison of the relative I Na of inserts exposed to either HS (open circles) or an identical HS but containing amiloride (closed circles). The figure shows that following the first 30 min of incubation and up to 4 h of incubation, cells exposed to HS plus amiloride exhibited a significantly larger I Na than cells exposed to HS alone. This indicates that exposure to amiloride accelerated the recovery of I Na following the HS-induced inhibition of I Na . This result suggests that amiloride, despite being an inhibitor of ENaC, can behave as a "protector" of HS-induced Na ϩ transport inhibition.
DISCUSSION
Justification of the Use of the Hyperosmotic Challenges
In healthy individuals the airway epithelium may not be normally subjected to osmotic stress. Thus, until recently there has been little reason to investigate the regulatory responses of the airway epithelium in response to a hyperosmotic challenge. However, two lines of clinical research suggest that there is much to be gained from the further investigation of the responses of the airway epithelium to HS: 1) it has been proposed that exercise-induced bronchoconstriction in asthmatic and nonasthmatic subjects may result from an increase in osmolarity of the ASL (2); 2) inhalation of HS aerosols produces profound improvement in several measures of lung function in CF patients (8, 11) . The results here presented demonstrate that even a brief (i.e., 2 min, Fig. 4B ) apical exposure to 660 mosmol/kgH 2 O (obtained by adding additional NaCl to the isosmotic buffer) produced a protracted inhibition of I Na . The fact that this inhibition outlives the time of exposure to the HS (Figs. 3-7) indicates that this manipulation produces a protracted change in the processes that mediate the amiloridesensitive currents (i.e., ENaC and/or Na-K-ATPase and/or basolateral K ϩ channels) in CF-hBE cells. It is important to recognize that the osmolality of the HS solution used in our experiments may appear higher than would be expected to encounter under normal and even pathophysiological conditions in the airways. However, we estimate these 6 . Effect of apical isosmotic and HS (660 mosmol/kgH2O) solutions on INa and apical osmolality in CF-hBE inserts under near "thin-film" conditions. A: time course of the changes in apical osmolality of inserts left in the incubation trays and subjected to the addition of 30 l of either isosmotic (, n ϭ 6) or HS (660 mosmol/kgH2O, and OE) in the absence ( and , n ϭ 6) or presence of 10 l amiloride (OE, n ϭ 6). At the indicated times, the osmolality of aliquots of the apical solutions was measured. B: time course of the recovery of the apical osmolality () and of INa (OE) from a group of six CF-hBE cells. The INa recovery lagged behind the osmolality recovery (see text for further details).
osmolalities to be in the range of osmolalities at which airway epithelial cells of CF patients undergoing HS therapy may be exposed. Considering that these patients receive 5 ml of 7% (1.2 M) NaCl solution (2.4 osM) for 30 min and that 70% of the inhalation is swallowed, then 1.5 ml of solution reaches the airways. Therefore, the inhaled volume of 1.5 ml with an osmolality of 2,400 mosmol/kgH 2 O would be dissolved in a maximal volume of 5 to 8 ml (9) if homogeneously distributed across the entire ASL, and would yield a final osmolality of Ӎ700 -930 mosmol/kgH 2 O. Thus, the chosen osmolality of 660 mosmol/kgH 2 O used in the in vitro studies reported here is within the range of those expected to be reached in the airways of patients undergoing HS therapy. It is pertinent to consider that other in vitro studies have used osmolalities much larger than the ones utilized in these studies (e.g., calculated 2,720 -27,200 mosmol/kgH 2 O; Ref. 8).
Ussing Chamber Versus Near "Thin-Layer" Experiments
The Ussing chamber experiments here described (Figs. 2-4) were performed with a 5 ml mucosal bath volume, which, compared with the cell volume, can be considered infinite. The ASL of in vitro airway cells has been reported to have a height of only 7 m (37, 39). Thus it was important to assess whether the results obtained employing the Ussing chamber conditions could be reproduced in a preparation closer to an in vivo condition. Our approach was to use a preparation closer to a "thin film" preparation (Figs. 5-8 ). We chose to add a volume of 30 l to the apical surface of the inserts because this volume allowed us to reliably monitor the changes in apical osmolality. Admittedly, this volume is still very large compared with what the ASL normally is in situ in human lungs. However, the fact that our "thick" (i.e., Ussing chamber) and closer to "thin-film" preparations yielded similar outcomes argues in favor of the physiological validity of the observed inhibition of I Na by HS (Figs. 2-5 ).
Protracted Inhibition of I Na From Exposure to HC-NaCl Solutions
Previous observations indicate that exposure to luminal HS conditions inhibits Na ϩ transport across human airway epithelia under physiological conditions. For example, physical exercise with increased ventilation leads to airway dehydration which in turn reduces the amiloride-sensitive inhibition in nasal epithelia potential difference in normal and CF patients (15) . Likewise, exposure to luminal HS inhibits the amiloridesensitive potential difference in respiratory epithelium measured in controls and CF patients (16) . However, to the best of our knowledge, there are no reports available assessing the effect of HS on the amiloride-sensitive I SC in hBE cells. The results here presented not only document a HS-induced inhibition of I Na but also show that this inhibition outlasts the duration of the exposure to the HS. Figure 3B shows that hBE cells exposed to 20 min of HS slowly recovered their I Na following reexposure to the isosmotic conditions. This recovery of I Na corresponds to a slow reestablishment of the pathways responsible for the transepithelial transport of Na ϩ . Thus, the HS-induced inhibition of I Na is protracted.
Protective Effect of Amiloride on HC-NaCl-Induced Inhibition of I Na
The success achieved with HS in the clinical trials was unexpected because the airways epithelium has a high water permeability and cannot sustain an osmotic gradient (24) . Thus water was expected to move quickly into the airways and then back out as Na ϩ and Cl Ϫ were absorbed. In an effort to prolong the duration of action of hypertonic saline, Donaldson et al. (8) included a treatment group with HS plus amiloride. However, instead of improving the effect of HS, the inclusion of amiloride attenuated the treatment benefit of HS. In an effort to explain this apparent paradoxical effect of amiloride the authors performed some in vitro experiments and concluded from their results that amiloride blocks water channels. This conclusion, however, is controversial since Verkman and coworkers (21) have shown that amiloride does not block the water channels found in airway cells (aquaporins 1, 3, 4, and 5) and did not observe an inhibitory effect of amiloride on the water permeability in primary cultures of hBE cells. In our hands, the fact that the presence of amiloride did not affect the recovery of osmolality at the apical surface of CF-hBE cells exposed to HC-NaCl in the close to "thin-film" preparation ( Fig. 6A ) also argues against a possible blockage of amiloride on water permeability.
The inclusion of amiloride during the HS resulted in an accelerated recovery of I Na during reexposure to isosmotic conditions (Fig. 7) . This suggests that amiloride partially protects the epithelium from the inhibitory effects of the HS. Intracellular Na 
Possible Mechanisms Responsible for the HS-Induced Inhibition of I Na
The inhibitory effect of HS on I Na could be due to inhibition of Na ϩ transport at either the apical surface (i.e., via ENaC) and/or basolateral membranes (e.g., via Na-K-ATPase and/or K ϩ channels). Furthermore, these effects could result from either the increases in the extra and/or intracellular Na ϩ concentrations and/or the concomitant changes in cell volume. The phylogenetic relationship of ENaC to mechanosensitive ENaC/ degenerin gene family (22) suggests that ENaC might be mechanosensitive as well (12) . While the possibility that HS could affect the Na-K-ATPase remains, there is considerable evidence supporting the notion that Na ϩ and cell shrinkage affect ENaC activity. The latter, for example, has been reported to activate ENaC in rat hepatocytes (4) and rat epithelial ENaC expressed in Xenopus oocytes (19) , but to inhibit this channel in mouse trachea (33) . This is further complicated by the fact that, at least in rat hepatocytes, it has been shown that subunits ␣, ␤, and ␥ of ENaC are related to hypertonicity-induced cation channels (30) . In any event, there is strong consensus that either exposure to hyperosmolality or shear stress alters ENaC activity. This has led to the proposal that these channels may act as stretch sensors (10) playing a critical role in epithelial cell volume regulation (19) .
Regarding the possible role of Na ϩ in regulating ENaC there are two main mechanisms documented: 1) a fast inhibition by extracellular Na ϩ (self-inhibition) (13, 29) and 2) a slower and longer lasting inhibition due to increases in [Na ϩ ] i (feedback inhibition) (1, 3, 34) . The fact that in the experiments here reported the HS-induced inhibition of I Na was protracted and that amiloride accelerated the recovery of this inhibition (Figs.  3, 4, and 7) suggests that a likely mechanism involved for this effect is feedback-inhibition. Three possibilities that could be involved in this process are 1) a possible enhancement of ENaC endocytosis via the ubiquitin ligase NEDD-4 -2 that binds to ENaC, ubiquitinates the channel leading to its endocytosis, and degradation (23, 36) ; 2) an intracellular Na ϩ -dependent regulation of ENaC degradation by altering the accessibility of ENaC cleavage sites to proteases (20) ; and 3) a Na ϩ -dependent slowing down of insertion of active ENaC. While this would be a slow process compared with the observed "rapid" rate of I Na inhibition by HS, a slowdown of insertion of channels could explain the slow rate of recovery. The first two mechanisms have ENaC leaving the membrane, but the possibility that ENaC remains in the membrane in a nonconducting state cannot be ruled out at present.
In sum, the results presented here document that apical exposure to a HS solution (660 mosmol/kgH 2 O) attained by adding additional NaCl to the normal buffer produces a protracted inhibition of the amiloride-sensitive I SC (i.e., I Na ) in CF-hBE cells. This effect is observed in Ussing chambers and in a near to "thin-film" preparation. The rapid and protracted inhibition in I Na likely results from cell shrinkage/endocytosis together with a likely increase in the intracellular Na 
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